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PROGRESS REPORT (YEAR 2) SUMMARY: PROJECT W81XWH-09-1-0065

A. INTRODUCTION

Lapatinib, a highly specific inhibitor of the ErbB2 and EGFR tyrosine kinases, is approved for the treatment of advanced stage
ErbB2+ breast cancers that have progressed on prior trastuzumab-containing regimens. It is currently being evaluated as a neoadjuvant
and adjuvant treatment for early stage ErbB2+ breast cancers. Although lapatinib represents a significant advance in the treatment of
breast cancer, its clinical efficacy has been limited by therapeutic resistance and disease progression that generally occurs within one
year following initiation of therapy."? To better understand the mechanisms responsible for acquired resistance to lapatinib, we
established in vitro and in vivo models of acquired lapatinib resistance.>* Considering the molecular heterogeneity of breast cancer,
one underlying mechanism does not appear to account for the development of acquired therapeutic resistance to lapatinib, and similar
drugs in class. The clinical relevance of these models has already been demonstrated.**

The rationale for the DoD proposal was based on our working hypothesis that a 95 kDa truncated form of ErbB2 was

involved in mediating therapeutic resistance to ErbB2 kinase inhibitors such as lapatinib. Our objective is to gain a deeper

understanding of the regulation of p95 by lapatinib, and the biological effects of p95 on the regulation of cell growth and survival in

ErbB2+ breast cancer cells. To achieve our objective, we had proposed the following two Specific Aims:

Aim 1: To determine how HRG requlates p95 and why it is resistant to lapatinib kinase inhibition.

Aim 2: To identify signaling pathways that mediate the tumor promoting activities of p95 and then
determine whether these pathways represent targets for therapeutic intervention.

B. BODY

Year 1 we demonstrated that ErbB2 tyrosine kinase inhibitors (TKI) including lapatinib, induced a truncated form of ErbB2
that is preferentially expressed in the nuclei of ErbB2+ breast cancer cells. We refer to this form as p95L (lapatinib inducible p95) to
distinguish it from other truncated forms of ErbB2, collectively referred to as p95, that have been described in the literature.
Historically, p95 refers to a truncated form that lacks the ErbB2 extracellular domain (ECD) while retaining the transmembrane
region, and is therefore cell membrane bound. Cell membrane bound p95 has been shown to be generated by metalloproteinase
(MMP) activity, which cleaves the ECD from full-length ErbB2, leaving a 95 kD truncated form of the receptor.®

During this past year, we sought to identify the mechanism(s) involved in the generation of p95L. We investigated the effects
of various protease inhibitors on the induction of p95L (see manuscript in Appendix for methodology). The following protease
inhibitors were examined: (i) BB-94/batimastat, an MMP inhibitor that has been shown to reduce the expression of cell membrane
bound p95;° (ii) a gamma secretase inhibitor that blocked ErbB4 truncation;® (iii) a calpain | inhibitor; and (iv) two inhibitors of the
20S subunit of the proteasome. We found that the MMP and gamma secretase inhibitors had relatively little effect on the generation of
p95L following treatment with lapatinib (see Figure 5A in the manuscript in Appendix). In contrast, lactacystin, a highly specific
inhibitor of the 20S subunit of the proteasome blocked p95L induction in lapatinib-treated ErbB2+ breast cancer cells. Similarly,
MG132 and the calpain | inhibitor, which also block proteasome activity, reduced the expression of p95L in lapatinib-treated cells.
Since lactacystin blocked the induction of p95L, we next asked whether that same concentration of lactacystin had an effect on cell
survival. ErbB2+ breast cancer cells were treated with lactacystin alone, or in combination with a sub-lethal concentration of lapatinib
that was still sufficient to induce expression of p95L. All experimental treatment conditions were conducted in triplicate with data
expressed as means with standard error bars included. Student’s t-test was used to determine statistical significance between two
groups. P<0.05 was considered a statistically significant difference. As shown in Figure 1, lactacystin alone had no effect on cell
survival. However, when lactacystin was combined with an otherwise sub-lethal concentration of lapatinib, there was a significant

increase in cell death (p < 0.05).



Figure 1. Enhanced anti-tumor effect of the combination of lapatinib G P=0.001
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Our working hypothesis is that p95L is involved in the development of acquired therapeutic resistance to lapatinib and
similar ErbB2 TKIs (e.g. GW2974). To test our hypothesis, we needed to constitutively express p95L in otherwise lapatinib sensitive
ErbB2+ breast cancer cells. Since we have not yet identified and sequenced p95L, we chose instead to express a truncated form of
ErbB2 that shared common properties with p95L. C-676 is one of three ErbB2 c-terminal fragments (CTF) that are generated by
alternate initiation of translation.” Similar to p95L, c-676 localizes to tumor cell nuclei and shares a similar pattern on gel
electrophoresis. It is also tyrosine phosphorylated on Y1248 and is resistant to inhibition by lapatinib or GW2974 (see manuscript in
Appendix). We transiently transfected c-676 into BT474 cells, an ErbB2+ human breast cancer cell line that is otherwise highly
sensitive to lapatinib-induced apoptosis. C-676 expression was under the control of a heterologous CMV promoter (pcDNA3.1
vector). The level of c-676 expressed in transfected BT474 cells was quite good (see Figure 5A in the manuscript in Appendix). Cells
transfected with vector alone served as controls. Cells transiently transfected with ¢c-676 and vector alone (controls) were then treated
with 500 nM or vehicle alone, and after 48 h induction of apoptosis was assess using annexin V staining and FACS analysis (details of
the methodology are described in the manuscript in the Appendix). Treatment with lapatinib predictably resulted in marked apoptosis
of control BT474 cells compared with controls treated with vehicle. In contrast, expression of c-676 resulted in less apoptosis in
response to lapatinib compared with lapatinib-treated controls, with the difference being statistically significant (p=0.015) (see Figure
5B in the manuscript provide in the Appendix). The results shown are representative of three independent experiments.

We next sought to directly demonstrate the link between the expression of p95L in tumor cell nuclei and proteasomal
processing of full-length ErbB2. We have generated a full-length ErbB2 construct with a His-tag at the c-terminus. The plan is to
express this construct in breast cancer cells and then treat with lapatinib. If we can immunoprecipitate nuclear p95L using a His tag
antibody, then we can assume it is derived from processing of full-length ErbB2. We do not anticipate problems expressing His tagged
ErbB2 in cells; this has already been accomplished.

The regulation of p95L by the proteasome is consistent with our previous work demonstrating proteasome activation in
lapatinib-treated ErbB2+ breast cancer cells. Directly demonstrating the involvement of the proteasome in the generation of p95L has
clinical implications. To accomplish this goal, we have designed several constructs that contain mutations at putative proteasome
recognition sites within full-length ErbB2. The c-terminus has been His-tagged in order to identify truncated forms generated in
response to lapatinib. We are now in the process of trying to express these mutated forms of ErbB2 in breast cancer cell lines that do
not constitutively express ErbB2. These putative proteasome sites predict for truncated forms of ErbB2 consistent with the molecular
weight of p95L approximated by SDS-PAGE.

To identify the biological role of truncated forms of ErbB2 found in tumor cell nuclei (e.g. p95L, c-676) we first tried to
establish stable transfected ErbB2 negative cell lines (MCF7; T47D) that express c-676. Initially, we were able to generate high levels
of c-676 expression only transient, as cells would lose c-676 expression over time. By optimizing the selection pressure, we now have
stable transfected cell lines that express c-676.

We examined the effects of expressing ¢-676 in MCF7 and T47D cells with and without heregulin beta 1 (HRG), a ligand for

ErbB3, the latter being expressed in both MCF7 and T47D cells. As a first pass, we looked at downstream mediators of PI3K-Akt and
5



MAPK-Erk1/2 signaling. There were no apparent effects of expressing c-676 in the presence of absence of HRG stimulation, on these

pathways.

C. KEY RESEARCH ACCOMPLISHMENTS (Year 2)

e Induction of p95L by ErbB2 TKIs is proteasome-dependent as proteasome inhibitors block p95L expression in lapatinib-
treated ErbB2+ breast cancer cells.

e Demonstrating that expression of a truncated form of ErbB2 expressed in the nuclei of ErbB2+ breast cancer cells render
cells resistant to the anti-tumor effects of lapatinib.

o Establishing stable transfected breast cancer cell lines that express a truncated form of ErbB2 (c-676) expressed in tumor cell
nuclei.

e  Generation of constructs that contain site specific deletions in putative proteasome recognition sites within the cytoplasmic
domain of full-length ErbB2.

D. REPORTABLE OUTCOMES (Year 2)

Manuscript: Xia W, LiuZ, Zong R, Liu L, Zhao S, Bacus S, Mao Y , He J, Wulfkuhle JD, Petricoin EF IIl, Osada T, Yang
X, Hartman Z, Clay T, Blackwell K, Lyerly K, and Spector NL. Truncated ErbB2 expressed in tumor cell nuclei contributes to

acquired therapeutic resistance to ErbB2 kinase inhibitors. Molecular Cancer Therapeutics (in press).

Patent: Truncated nuclear forms of ErbB family members as mediators of therapeutic resistance and as targets for therapeutic

intervention (working on a provisional patent).

E. CONCLUSION

We have shown that ErbB2 TKI induce the expression of a truncated form of ErbB2 in the nuclei of ErbB2+ breast cancer
cell lines. We refer to this form as p95L (lapatinib inducible p95), to distinguish it from other reported truncated forms of ErbB2 that
have been collectively referred to as “p95”. There appear to be a family of truncated forms of ErbB2 that are preferentially expressed
in the tumor cell nuclei. These include not only p95L, but also c-676, a CTF generated by alternate initiation of translation.” We have
shown that truncated forms of ErbB2 expressed in tumor cell nuclei are tyrosine phosphorylated (Y1248), which is also resistant to
inhibition by ErbB2 TKI. Although one form of “p95” generated in response to phorbol ester, remains cell membrane bound and
generated by MMP proteolysis,® we now show the 20S proteasomal subunit plays a role in the generation of p95L in lapatinib (or
GW2974) treated ErbB2+ breast cancer cells, as p95L expression was blocked by co-incubation with proteasome inhibitors.
Importantly, we were able to show that expression of a c-611, which shares common properties with p95L, in the nuclei of otherwise
lapatinib-sensitive ErbB2+ breast cancer cells, rendered cells resistant to lapatinib.

The development of therapeutic resistance to lapatinib represents a significant barrier limiting its clinical efficacy."?
Therapies targeting mechanisms of resistance to lapatinib and similar TKIs are likely to improve clinical outcomes in women with
ErbB2+ breast cancer. Since it now appears that truncated forms of ErbB2 expressed in tumor cell nuclei are tyrosine phosphorylated
and therefore presumably functionally active, gaining a deeper understanding of their regulated, and their function, will lead to
therapeutic strategies to overcome, delay, or ideally prevent, the development of acquired therapeutic resistance to ErbB2 targeted
therapies.

We will pursue studies to determine the functional role of truncated ErbB2 expressed in tumor cell nuclei. In this regard,
there are lessons to be learned from functional studies of full-length ErbB2, which have shown that the function differs depending
upon whether ErbB2 is expressed at the cell membrane or in the nucleus. When expressed at the cell membrane, full-length ErbB2

elicits its effects via cell signaling networks. However, when expressed in tumor cell nuclei, full-length ErbB2 regulates gene
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transcription. We are speculating that truncated ErbB2 expressed in tumor cell nuclei is regulating gene expression. As a first step, we
will analyze the effects of stably expressing c-676 in MCF7 and T47D on gene expression analysis, using cells transfected with vector
alone as controls. The goal of these initial studies will address whether there are different gene expression patterns between controls
and c-676 expressing cells. If there are differences in gene expression profiles, we will conduct a pathway analysis mapping to
determine what cell signaling pathways are associated with the gene expression profiles, and then confirm the results by Western blot
analysis. Our intent is to use this information to identify cell signaling pathways to target through targeted molecular knockdowns,
and/or where available, targeted therapies. This approach will enable a deeper understanding of how truncated nuclear forms of ErbB2
mediate therapeutic resistance to ErbB2 targeted therapies, and their potential role in regulating the growth and survival of breast

cancer cells.
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Abstract

ErbB2 tyrosine kinase inhibitors (TKI) block tyrosine autophosphorylation and activation
of the full-length transmembrane ErbB2 receptor (p185=°%2). In addition to p185F™2
truncated forms of ErbB2 exist in breast cancer cell lines and clinical tumors. The
contribution of these truncated forms, specifically those expressed in tumor cell nuclei, to
the development of therapeutic resistance to ErbB2 TKIs has not been previously
demonstrated. Here we show that expression of a 95 kDa tyrosine phosphorylated form of
ErbB2, herein referred to as p95L (lapatinib-induced p95) was increased in ErbB2+
breast cancer cells treated with potent ErbB2 TKIs (Iapatinib, GW2974). Expressed in
tumor cell nuclel, tyrosine phosphorylation of p95L was resistant to inhibition by ErbB2
TKIs. Furthermore, the expression of p95L was increased in ErbB2+ breast cancer
models of acquired therapeutic resistance to lapatinib that mimic the clinical setting.
Pretreatment with proteasome inhibitors blocked p95L induction in response to ErbB2
TKIs, implicating the role of the proteasome in the regulation of p95L expression. In
addition, tyrosine phosphorylated c-terminal fragments of ErbB2, generated by alternate
initiation of trandation and similar in molecular weight to p95L, were expressed in tumor
cell nuclei, where they too were resistant to inhibition by ErbB2 TKIs. When expressed
in the nuclei of lapatinib sensitive ErbB2+ breast cancer cells, truncated ErbB2 rendered
cellsresistant to | apatinib-induced apoptosis. Elucidating the function of nuclear
truncated forms of ErbB2, and devel oping therapeutic strategies to block their expression

and/or activation, may enhance the clinical efficacy of ErbB2 TKIs.



Introduction

ErbB2, a 185 kDa transmembrane receptor tyrosine kinase (p1855°%?), is deregul ated
in 25% of all breast cancers, where it predicts for a poor clinical outcome.(1) ErbB2
activation requires autophosphorylation of tyrosine (Y) residues within the cytoplasmic
domain of the receptor e.g. Y 1248.(2) These phosphotyrosine residues serve as docking
sites for adaptor proteinsthat link ErbB2 to downstream mitogen activated protein kinase
(MAPK) and phosphatidylinositol-3-kinase (PI3K) signaling networks that promote the

5582 truncated forms

growth and survival of breast cancer cells.(2-6) In addition to p18
of ErbB2 lacking all or most of the N-terminus extracellular domain (ECD) exist in
ErbB2+ breast cancer cell lines and clinical tumors.(7-10) The most extensively studied
truncated forms retain the transmembrane region and are expressed at the cell surface.
Historically referred to as “p95”, truncated forms of ErbB2 expressed at the cell surface
form heterodimers with other ErbB receptors,(11) and interact with the p85 subunit of
PI3K,(12) thereby activating downstream signal transduction cascades in a manner
similar to p1855"22. The generation of p95 has been shown to be dependent upon
metall oproteinase activity.(7) P95 positive breast cancers exhibit an aggressive clinical
phenotype characterized by an increased incidence of lymph node involvement at the
time of initial diagnosis,(13, 14) and are more resistant to trastuzumab since they lack the
ECD.(15, 16)

Lapatinib is a highly selective small molecule inhibitor of the ErbB2 and EGFR
tyrosine kinases. Inhibition of ErbB2 tyrosine autophosphorylation by lapatinib leads to

the inactivation of downstream cell growth and survival signals.(17-19) Although a

significant advancement in the treatment of breast cancer, the clinical efficacy of



lapatinib has been limited by the development of acquired therapeutic resistance.(20, 21)
To address this problem, we generated clinically relevant models of acquired resistance
to lapatinib using human ErbB2+ breast cancer cell lines.(22, 23)

We now show that treatment with ErbB2 TKIs increased the expression of atyrosine
phosphorylated, truncated form of ErbB2 that was expressed in the nuclei of ErbB2+
breast cancer cells, which will herein be referred to as p95L (lIapatinib-induced p95). In
contrast to truncated forms of ErbB2 expressed at the cell surface, the phosphorylation of
p95L, and similar truncated forms that were also expressed in tumor cell nuclei, was
resistant to ErbB2 TKI. The data supporting the activation and nuclear localization of
p95L in response to ErbB2 TKI, and the role of nuclear, truncated forms of ErbB2 in the

development of therapeutic resistance to ErbB2 TKIs, will be discussed.



Materials& Methods

Céll culture and reagents

BT474, SKBR3, Au565, MCF7, and T47D breast cancer cell lines were obtained
from the American Type Culture Collection (Manassas, VA). Lapatinib resistant breast
cancer cellswere generated as previously described.(22) All cells were cultured as
previously described.(11, 17, 22) No independent authentication of these cells was done
by the authors. Anti-phosphotyrosine (p-tyr) antibody, GW2974, and calpain inhibitor 1
were purchased from Sigma-Aldrich (St. Louis, MO). Anti-c-ErbB2 (Ab -11) monoclonal
antibody was from Neo Markers (Union City, CA). Anti-ErbB2 (AA1243-1255) and anti-
phospho-ErbB2 (Y 1248) antibodies were from Upstate Biotechnology (Lake Placid,
NY). MG132, gamma-secretase inhibitor, and lactacystin were from Calbiochem (San
Diego, CA). BB94 (Batimastat) was from Kimia Corp (Santa Clara, CA). Protein G
agarose was purchased from Boehringer Mannheim (Germany). IRDye800 conjugated
affinity purified anti-rabbit IgG and anti-mouse IgG were from Rockland (Gilbertsville,
PA). Alexa Fluor680 goat anti-rabbit 1gG was obtained from Molecular Probes (Eugene,
OR). Lapatinib (GW572016), N-{ 3-Chloro-4-[ (3-fluorobenzyl)oxy] phenyl} -6-[ 5-
({[2(methylsulfonyl)ethyl]amino} methyl)-2-furyl]-4-quinazolinamine, was purchased
from LC Laboratories (Woburn, CA). Lapatinib for cell culture work was dissolved in

DMSO (0.01%).

I solation of nuclear extracts, SDS-PAGE, and Western blot analysis



Details of cell fractionation, immunoprecipitation, SDS-PAGE, and Western blot
anaysis were previously described.(22) Membranes were probed with specific antibodies
recognizing target proteins, and visualized using the Odyssey Infrared Imaging System
(L1-COR, Inc., Lincoln, NE). Membranes were incubated with fluorescent-labeled
secondary antibody at a 1:10000 dilution with 3% BSA in PBS for 60 min protected from

light. After washing in PBS + 0.1% tween-20, the membranes were scanned using an

Odyssey imaging system.

Human tumor xengrafts, animal treatment, and human tumor biopsies.
NOD.CB17-Prkdc™%J (NOD/SCID) mice were purchased from Jackson Labs
(Bar Harbor, ME) and bred in the Duke Comprehensive Cancer Center | solation Facility.
BT474 and rBT474 cells were suspended in Hank’ s Balanced Salt Solution and mixed
with Matrigel (BD Biosciences, San Jose, CA) at 1:1 ratio to make final concentrations of
1x10* cells/50pl. Fifty pl of tumor cell suspension wasinoculated into bilateral
mammary fat pads of female NOD/SCID mice (5~6 weeks old, 4 mice/group). Animals
were treated with lapatinib (75 mg/kg/day) by oral gavage until they were sacrificed.
Tumor dimensions were measured serially, and tumor volumes calculated using the
following formula: long axis x (short axis) % x 0.52. The mice were euthanized with CO
inhalation and tumor xenografts excised 59 days after implantation of tumor cells. All
animal studies were conducted in compliance with Duke animal care regulations. Human
biopsies were collected from breast cancer skin metastasis after informed written consent

was obtained as part of an IRB approved tissue collection protocol. Tumor specimens



were flash frozen in liquid nitrogen, and stored at —80 °C. Tissue extracts were prepared

for Western blot analysis by homogenization in RIPA buffer at 4°C.

Expression of truncated formsof ErbB2 in human breast cancer cell lines
C-terminal fragments (c-611; c-676 and c-678) were generated based on ErbB2
open reading frames from L TR-2/ErbB2(8) and subcloned into the pcDNA 3.1 (+). C-
611, c-676 and c-678 were subcloned into the pcDNA3.1 vector (Invitrogen) with
forward primers: 5 -ACAAGCTT ACCATGCCCATCTGGAAG-3',5'-
ACAAGCTTACCATGAAGCGACGGCAGCA-3and 5-ACAAGCTT
ACCATGCGGAGACTGCTG-3', and reverse primer: 5-AACTCGAG
TCACACTGGCACGTCCAG-3'. MCF-7 and T47D breast cancer cells were transfected

5582 or the various

with empty vector alone (controls) or the same vector containing p18
CTF susing the Lipofectamine™ 2000 Reagent from Invitrogen (Carlsbad, CA)
according to the manufacturer’ s protocol. Stably transfected cells were selected using

G418 (400 pg/ml) and the expression levels of CTF s were confirmed by Western blot

analysis.

I mmunofluor escence micr oscopy

Cellswere cultured in 6 well plates with or without the indicated treatments. After
washing with PBS, cells were fixed with 4% paraformal dehyde for 30 min, permeabilized
with 0.2% Triton X-100 for 20 min, and blocked with 2% BSA in PBS at room
temperature followed by washing with PBS and incubated with anti-ErbB2 or anti-

phosphotyrosine specific antibodies overnight at 4°C. After extensive washings, the cells



were incubated with FITC-conjugated swine anti-rabbit or rabbit anti-mouse antibodies
followed by counterstaining with 1.5 ug/ml DAPI from Vector Labs (Burlingame, CA).

An Olympus L Fluoview FV 1000 was used for all photographs.

Proliferation and apoptosis assay

The proliferation assay was carried out in a 96 well plate format in afina volume
of 100 ul/well cell culture medium with the cell proliferation reagent WST-1 from Roche
Diagnostics (Mannheim, Germany). Details of the WST-1 profileration and annexin V/

nexin 7-AAD apoptosis assays were previously published.(17, 22)

Statistical analysis
Data were expressed as means with standard error bars included. Student’ s t-test
was used to determine statistical significance between 2 groups. P<0.05 was considered

adstatistically significant difference.



Results

ErbB2 TKlIsincrease the expression of phospho-p95L in tumor cell nuclei. The
effects of ErbB2 TKI on ErbB2 tyrosine phosphorylation were determined in BT474
cells, ahuman ErbB2+ breast cancer cell line, using immunofluorescence microscopy
(IF). Total ErbB2 protein and phosphotyrosine expression were determined using an
ErbB2 specific antibody and a phosphotyrosine (p-tyr) antibody, respectively. ErbB2 and
p-tyr signals were visualized using a secondary FITC-conjugated antibody (green). Total
ErbB2 expression was unchanged in response to GW2974, an ErbB2 TKI (Figure 1A).
The p-tyr signal primarily localized to the cell surface and cytoplasm in vehicle treated
controls (-). Relatively little p-tyr signal was seen in the nuclei (blue/DAPI) of control
cells (Merge). Whereas cell surface and cytoplasmic p-tyr were markedly reduced in
response to GW2974, nuclear p-tyr persisted (Figure 1A, Merge). We treated another
ErbB2+ breast cancer cell line, Au565, with lapatinib and examined phospho-ErbB2 (p-
ErbB2) expression using an ErbB2 phosphotyrosine specific antibody and a FITC-
conjugated secondary antibody (green). Similar to BT474 cells, p-ErbB2 at the cell
surface, but not in the nuclei of some ErbB2 cells, was markedly reduced by lapatinib,
(Figure 1B).

We next isolated nuclear extracts from BT474 and Au565 cells treated with
vehicle alone (controls) or lapatinib. The purity of nuclear extracts was confirmed using
Oct 1, IkB, and E-cadherin, which represent nuclear, cytoplasmic, and cell membrane
proteins, respectively. Steady-state levels of total p95L protein increased in lapatinib-

treated cells without an appreciable change in p185=°22 (Figure 1C). Additional



molecular weight bands >98 kDa, which have been seen previously in ErbB2 blots, were
observed.

In Figure 1D, total ErbB2 protein was immunoprecipitated (1P) from nuclear
extracts isolated from Au565 cells treated with vehicle alone (control) or GW2974.
Steady-state levels of total (green) and phosphorylated (red) p185=%2 and p95L were
determined by Western blot. Although both p1855™82 and p95L were expressed in a
phosphorylated state, GW2974 inhibited phosphorylation of p1855™22 but not p95L.

Similar results were seen in other ErbB2+ breast cancer cell lines (data not shown).

Increased expression of p95L in lapatinib resistant breast cancer cell linesand
tumor xenografts. PO5SL protein levels were increased in models of acquired resistance
to lapatinib (e.q. rBT474; rAu565)(22) compared to their lapatinib-sensitive cell
counterparts (Figure 2A). In Figure 2B, the growth of tumor xenografts established from
resistant cells (rBT474) was significantly increased compared with tumors derived from
parental cells (BT474), in animals treated with lapatinib (p < 0.05). Steady-state p95L
protein levels were increased in rBT474 compared with BT474 tumor xenografts (data
not shown).

To determine whether a truncated form(s) of ErbB2 similar to p95L could be
detected in clinical tumors, we analyzed steady-state ErbB2 protein levelsin biopsies
from metastatic breast cancer sites that had devel oped while patients were on lapatinib
therapy. A truncated form of ErbB2, similar in molecular weight to pO95L in rBT474 cells,

was seen in both clinical samples (Figure 2C, MCB1 and 2).
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Comparison of p95L with c-terminal fragments of ErbB2 generated by alter nate
initiation of trandation. C-terminal fragments (CTFs) of ErbB2 generated by alternate
initiation of trandation (e.g. c-611; c-676; c-687) have been reported.(8) C-611 lacks
most of the ECD, while ¢c-676 and c-687 lack the ECD and transmembrane regions. We
synthesized CTF s by alternate initiation of translation from methionines 611 (c-611) and
676 (c-676), and used the pcDNA 3.1 vector to express them in non-ErbB2
overexpressing MCF7 and T47D breast cancer cells. In Figure 3A, the subcellular
localization of p185=™22, ¢-611, c-676, and c-687 expressed in MCF7 transfected cells
was determined by |F microscopy using an ErbB2 specific primary and FITC-conjugated
secondary antibody (green). While c-611 localized to the cell membrane and cytoplasm,
c-676 was seen primarily in tumor cell nuclel (blue). In Figure 3B, the effects of
GW2974 on the phosphorylation of c-676 expressed in MCF7 transfected cells were
examined by IF microscopy using a phosphotyrosine (p-tyr) antibody and FITC-
conjugated secondary antibody (green). Phosphorylation of nuclear c-676 was not
inhibited by GW2974. The effect of GW2974 on steady-state phosphoprotein levels of
the indicated CTFs was next determined by Western blot using an ErbB2
phosphotyrosine specific antibody in whole cell extracts from T47D cells transfected
with ¢-611, c-676, c-687, or vector alone (Figure 3C). GW2974 inhibited tyrosine
phosphorylation of ¢c-611, but not c-676 or c-687. Expression of p95L in BT474 cells
treated with GW2974 was included as a reference. Similar results were observed in

MCF7 transfected cells (data not shown).
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Proteasome inhibitorsblock p95L induction by ErbB2 TKI. We examined the effects
of protease inhibitors on p95L expression in lapatinib-treated Au565 cells. Cellswere
treated as indicated in Figure 4A. Briefly, cells were treated with (i) lapatinib alone, (ii)
the indicated protease inhibitors alone, or (24) a combination of lapatinib plus protease
inhibitor. Included among the protease inhibitors were BB-94, a metalloproteinase
inhibitor that blocked phorbol ester-induced p95 expression,(7) and ay secretase inhibitor
that reduced ErbB4 truncation.(25) BB-94 and the y secretase inhibitor had little effect on
the induction of p95L by lapatinib (Figure 4A). However, inhibitors of the 20S
proteasomal subunit (lactacystin, MG132, calpain | inhibitor) blocked the induction of
p95L in lapatinib-treated AuS65 cells (Figure 4A). Cells treated with vehicle alone served
as controls.

Treatment with lactacystin alone, at the same concentration that blocked induction
of p95L, had relatively little antitumor activity in Au565 cells (Figure 4B). However,
there was enhanced antitumor activity when lactacystin was combined with a sub-lethal

concentration of lapatinib (0.1 uM) that was otherwise sufficient to induce p95L.

Expression of truncated ErbB2 reducesthe antitumor activity of lapatinib. To
determine the impact of nuclear, truncated forms of ErbB2 on the antitumor activity of
lapatinib, we expressed c-676 in BT474 cells (Figure 5A). We chose ¢c-676 because of its
similarities to p95L e.g. molecular weight, nuclear localization, resistant to ErbB2 TKI.
Using an ErbB2 phosphotyrosine specific antibody in Western blot analysis, we found

that lapatinib increased steady-state p95L phosphoprotein levelsin cells transfected with

12



vector alone (Figure 5A). In contrast, the phosphorylation of ¢c-676 and p95L was
unaffected by lapatinib. Cells transfected with vector alone served as controls.
Importantly, BT474 cells, which are normally highly sensitive to the antitumor
effects of lapatinib, became significantly more resistant to lapatinib after c-676 was
expressed in the nuclel of BT474 cells (p= 0.015) (Figure 5B). Cells transfected with

vector alone served as controls.
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Discussion

The development of acquired therapeutic resistance represents a significant barrier
limiting the clinical efficacy of lapatinib. Acquired resistance to lapatinib does not appear
to be related to loss of target sensitivity as tyrosine phosphorylation of p185=°®2 remains
inhibited in ErbB2+ breast cancer cells that have developed resistance to lapatinib.(22,
26) We now show that p95L is expressed in the nuclei of ErbB2+ breast cancer cells, in
atyrosine phosphorylated, presumably activated state. In contrast to truncated forms of
ErbB2 expressed at the cell surface, the phosphorylation of truncated ErbB2 in the
nucleus was resistant to ErbB2 TKIs. Importantly, expression of atruncated form of
ErbB2 (c-676) in the nuclel of ErbB2+ breast cancer cells rendered cells resistant to the
antitumor effects of lapatinib (Figure 5).

Distinct forms of ErbB2 differing in their (i) subcellular localization, (ii) regulation of
expression, and (iii) sensitivity to ErbB2 targeted therapies, exist in breast cancer cells.
Expressed at the cell surface, p95 and c-611 mediate resistance to trastuzumab, but not
ErbB2 TKls.(11, 15) In contrast, truncated forms of ErbB2 expressed in tumor cell
nuclel in atyrosine phosphorylated state, are resistant to inhibition by ErbB2 TKIs.
Whereas some nuclear truncated forms of ErbB2 are generated through alternate
initiation of trandation,(8) p95L appearsto be mediated by the activation of the
proteasome, as proteasome inhibitors block itsinduction (Figure 4A). As summarized in
Figure 6, cleavage at a putative proteasome recognition site located within the
intracellular domain (see *) would generate a truncated form of ErbB2 with a predicted
molecular weight similar to p95L. This truncated form contains tyrosine

autophosphorylation sites (e.g. Y 1248) and the nuclear localization signal (NLS). In the
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nucleus, tyrosine phosphorylation (Y 1248) of p95L isresistant to lapatinib (B). In
contrast, phosphorylation of p185522, which is also expressed in the nucleus, isinhibited
by lapatinib. The role of the proteasome in the induction of p95L is consistent with recent
findings from our laboratory showing evidence of proteasome activation in lapatinib-
treated ErbB2+ breast cancer cells.(27) It istempting to speculate that deregulation of
intracellular calcium, which occursin lapatinib-treated ErbB2+ cells, (28) leads to the
accumulation of unfolded proteins, which in turn activates the proteasome.

It is not clear why the phosphorylation of truncated ErbB2 in the nucleus is resistant
to ErbB2 TKI. One potentia explanation is that the structural conformation of p95L and
c-676 differs from p185=™®2, preventing ErbB2 TKIsto gain access to their active sites.
Studies to elucidate the structural conformation of nuclear, truncated forms of ErbB2
should help answer this question.

Although the function of nuclear, truncated forms of ErbB2 is unknown, insight from
studies of p185="%2 may be informative. When expressed at the cell surface, p185="22
promotes tumor growth and survival by activating downstream cell signaling cascades.(2-
6) In contrast, nuclear p185="%2 directly regulates gene transcription.(29-31) Nuclear
p1855"52 has been shown to activate thymidylate synthase gene transcription, which is
blocked by lapatinib.(29) Thisis consistent with our observation that phosphorylation of

nuclear p185"%2

isinhibited by lapatinib, presumably abrogating its transcriptional
activity. It istempting to speculate that phosphorylated forms of truncated ErbB2
expressed in tumor cell nuclei are aso involved in regulating gene transcription,

especialy in light of the proteasome-dependent regulation of p95L. Although generally

associated with complete proteolysis of proteins, proteasomal processing has been shown

15



to generate biologically active proteins, particularly those involved in regulating gene
transcription.(32, 33) Studies to elucidate the function(s) of truncated nuclear forms of
ErbB2 are warranted.

Patients take lapatinib on a chronic, daily basis. Our model would have predicted that
this schedule would lead to the accumulation of p95L in breast cancer cells, thereby
contributing to the development of acquired resistance. Results in models of acquired
lapatinib resistance confirm this prediction (Figure 2A). In addition, lower molecular
weight forms of ErbB2, similar to p95L, were expressed in clinical biopsies from ErbB2+
breast cancers that had progressed on lapatinib therapy (Figure 2C). Although intriguing,
these findings will require confirmation in larger studies.

Although the exact function of nuclear, truncated forms of ErbB2 remains unknown,
we have provided evidence supporting their role in the development of therapeutic
resistance to lapatinib and GW2974 (Figure 5B). Strategies to enhance the clinical
efficacy of ErbB2 TKIs may now include therapies that prevent induction of p95L and/or

inactivate other truncated forms of ErbB2 that are expressed in tumor cell nuclei.
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L egends

Figure 1. Phosphorylation of nuclear truncated ErbB2 isresistant to ErbB2 TKI.
(A) BT474 cellswere treated for 48 h with GW2974 (1 uM) or vehicle alone (-). Total
ErbB2 and phosphotyrosine (p-tyr) signals (green) were visualized by |F microscopy as
described in Methods. Cell nuclei were counterstained blue with DAPI. The lower row
merges FITC and DAPI signals. (B) Au565 cells were treated with lapatinib (1 uM) or
vehicle alone (control) for 24 h, and p-ErbB2 was assessed by IF microscopy using an
ErbB2 phosphotyrosine specific primary antibody and a FITC-conjugated secondary
antibody. (C) Steady-state protein levels of p1855%? and p95L were determined in
nuclear extracts from BT474 and Au565 cells treated for 24 h with lapatinib (500 nM) or
vehicle alone (control). Steady-state protein levels of Oct 1, 1B, and E-cadherin, which
represent nuclear, cytoplasmic, and cell membrane proteins, respectively, were used to
confirm the purity of nuclear extracts. (D) Au565 cells were treated with GW2974 (1
uM) or vehicle alone (-) for 24 h. Steady-state levels of total and phosphorylated
p1855"°B2 and p95L were analyzed by ErbB2 |P/Western blot from nuclear extracts. Total
(green) and phosphorylated (red) formsof the indicated proteins are shown. Cells treated
with vehicle alone (0.01% DM SO) served as controls for all of the experimentsin Figure

1.

Figure 2. Increased expression of p95L in ErbB2+ breast cancer models of acquired
lapatinib resistance and clinical tumor samples. (A) Steady-state protein levels of
p1855"22 and p95L in rBT474 and rAu565 cells and their |apatinib-sensitive parental cell

counterparts (BT474, Au565) were determined by Western blot. Actin steady-state
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protein levels served as a control for equal loading of protein. The results are
representative of three independent experiments. (B) Tumor xenografts from rBT474 and
BT474 cells were established bilaterally in mammary fat pads of NOD/SCID female mice
treated with lapatinib 75 mg/kg/day by oral gavage for 59 days. Four mice were in each
group, with 2 tumorsin each mouse. Mean tumor volume (mm?®) for rBT474 and BT474
areindicated (with error bars). Differences in mean tumor volumes between the two
groups were statistically significant (p<0.05). (C) Total ErbB2 steady-state protein levels
were analyzed in two metastatic sites of ErbB2+ breast cancer (MCB1, MCB?2) that had
progressed in women taking lapatinib. Cell lysate from rBT474 is shown with p95L

indicated.

Figure 3. Similarity of p95L induced by ErbB2 TKI and ErbB2 c-terminal
fragments (CTFs) generated by alternate trandation initiation. (A) The subcellular
localization of the indicated CTF (c-611; c-676; c687) and p185-""%2 expressed in MCF7
cells was determined by IF microscopy using an ErbB2 specific antibody and a FITC-
conjugated secondary antibody (green). Nuclei were counterstained blue with DAPI and
the overlap of DAPI and FITC isshown (Merge). (B) MCF7 cells expressing c-676 were
treated for 24 h with GW2974 (8 uM) or vehicle alone (DM SO). The subcellular
localization of p-tyr and c-676 signals was determined by IF microscopy using
phosphotyrosine (p-tyr) and ErbB2 specific antibodies, respectively, and visualized with
a FITC-conjugated secondary antibody (green). The overlap between DAPI and FITC is
shown (Merge). (C) Phospho-ErbB2 steady-state protein levels (green) were determined

by Western blot in T47D cells transfected with the indicated CTF s following treatment
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with GW2974 (8 uM) or vehicle (DM SO) alone for 24 h. Actin (red) steady-state protein
levels served as a control for equal loading of protein. The arrow indicates the mature
form of c-611. Results shown in Figure 3 are representative of three independent

experiments.

Figure 4. Increased p95L following treatment with ErbB2 TKI is proteasome-
dependent. (A) Au565 cells were treated lapatinib in the presence or absence of the
indicated protease inhibitors. The concentrations of lapatinib and individual protease
inhibitors used alone, are shown. The same concentrations were used in combination
treatments. After 72 h, cells were harvested and p185-"°52 and p95L steady-state protein
levels were assessed (green). Actin steady-state protein levels served controls for equal
loading of protein. (B) Effects of lapatinib (0.1 uM) alone, lactacystin (2.5 uM) aone,
and lapatinib (0.1 uM) + lactacystin (2.5 uM) on Au565 cell proliferation after 24 h.
Cellstreated with 0.01% DM SO served as controls. Studies were conducted in triplicates
with error bars included. Differences were statistically significant (p = 0.001). Results

were confirmed in three independent experiments.

Figure 5. Expressing of c-676 reduces BT 474 cells sensitivity to lapatinib. (A) BT474
cellstransiently transfected with c-676 were treated for 48 h with 0.5 uM lapatinib or
vehicle (DM SO) alone (-). Steady-state phosphoprotein levels of p1855"5? and p95L/c-
676 were determined using an ErbB2 phosphotyrosine specific antibody. Cells
transfected with vector alone served as controls. (B) Apoptosis was assessed by annexin

V staining and flow cytometry in c-676 expressing BT474 cells treated as described
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above. Cellstransfected with vector alone served as controls. Experiments were
conducted in triplicates with error bars included. Results were statistically significant

(p=0.015). The data is representative of three independent experiments.

Figure 6. Summary of our working model. (A) The proteasome (hatched circle) is
activated in ErbB2+ breast cancer cells treated with lapatinib (solid circle). Asa
consequence, p185="22 s cleaved at a putative proteasome recognition site (*),
generating atruncated molecule (p95L) that retains the nuclear localization signal (NLS)
and tyrosine autophosphorylation sites (e.g. Y 1248). (B) P95L localizes to tumor cell
nuclel where Y 1248 phosphorylation is resistant to lapatinib (Y 1248 +). In contrast, the
tyrosine phosphorylation of nuclear p185=™®2 is inhibited by lapatinib (Y 1248 -). (C)
Truncated forms of ErbB2 expressed at the cell surface e.g. p95, c-611 are inhibited by

|lapatinib (Y 1248).
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Fig. 2
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Fig. 3
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Fig. 5
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Fig. 6
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